Comparative genomics has served as an essential guide in the identification of functional coding and non-coding sequences in vertebrate genomes. Human -mouse pair-wise comparisons have limited utility for identifying functional conserved non-coding sequences, owing to the large number of sequences shared between these species. In searching for more stringent filters to uncover non-coding elements more likely to be of functional importance in the human genome, human -fish sequence comparisons have emerged as an important strategy, leading to the efficient identification of enhancer elements. These sequences are unevenly distributed in the genome, tending to cluster around genes involved in key developmental processes, with recent studies suggesting that they represent genomic segments in which sequence variation can result in morphological changes and innovation. These elements, conserved over long evolutionary time, emerge as primary candidates that are likely to harbor sequence variation contributing to susceptibility of human disease phenotypes.
An expedition to a foreign land is always an adventure. A map and travel guides can give us a flavor of the land, but the only true experience comes from the journey itself. Such is the current annotation status of the non-coding fraction of the human genome. We have the map, the human genome, while comparative genomics serves as a travel guide, allowing us to emphasize points of interest. The true expeditions are in the form of functional analyses, but owing to the complexity, the time-consuming and labor-intensive natures of these endeavors, these journeys must be carefully planned.
Unlike protein coding sequences, whose code was cracked decades ago, the code of gene regulatory elements still remains an unsolved riddle. Compounding this difficulty, these sequences are often scattered over long distances from the genes that they regulate, making the entire 98% of the genome that does not correspond to protein coding sequences fair game in the search for these elements. It is with this mindset that comparative genomics became one of the preferred strategies to identify functionally important sequences in the vast non-coding tracts of the human genome. The cardinal principle of this idea is that functionally important sequences are conserved across long evolutionary periods, whereas the remaining majority of sequences in the genome evolve neutrally and eventually diverge beyond recognition.
Given the early availability of both the human and mouse genomes, sequence comparisons between these genomes have been the most commonly employed approach in comparative genomics. This has proven to be a successful guide in the identification of both protein-coding genes as well as non-coding sequences (1, 2) . Nevertheless, it has become evident that pair-wise comparisons between mammals alone are not sufficient for the prioritization of which non-coding sequences are the most likely to be functional in the genome. Given the uneven rate of evolution across vertebrate genomes, sequence similarities can be extensive in certain genomic regions, not because those sequences have been conserved under evolutionary pressure, but because in many genomic regions the evolutionary divergence between mammals is not sufficient to discern neutrally evolving sequences from functionally constrained ones.
Several strategies have recently been devised and employed aiming at better filtering conserved sequences to identify those with a higher likelihood of being functional. Prominent among these are the use of multiple species of comparable evolutionary divergence instead of simple pair-wise comparisons (3 -6) and the use of evolutionarily distant species for pair-wise comparisons. The rational behind both methods is straightforward: increasing the total phylogenetic tree branch length enables the removal of similarities between neutrally evolving sequences, so that only truly functional sequences with selective constraints will remain conserved among the species studied. In multiple species comparisons this increased branch length is obtained by adding species of similar evolutionary divergence, whereas evolutionarily distant species attain the increase in branch length by simple pair-wise comparisons of species at the extremes of vertebrate phylogeny, such as mammals and fish.
Both strategies are likely to simplify and optimize the task of sifting through large tracts of DNA to prioritize small regions for further experimental analysis. A wealth of recent functional studies using human-fish comparisons has already validated this approach as a powerful filter for the identification of functional non-coding sequences in the human genome. While several limitations, such as the small number of conserved sequences between these species, preclude the widespread use of this type of sequence comparison in most genomic regions, fascinating lessons have already been learned from the comparisons between humans and fish. Here, we review these findings, and argue for the use of deep evolutionarily conserved non-coding sequences as candidate intervals harboring sequence variations involved in morphological innovation and human disease.
CHARACTERISTICS OF HUMAN-FISH CONSERVED NON-CODING ELEMENTS
The initial observation of the compactness of the fugu genome, 7.5 times smaller than the human one, led to the suggestion that genes conserved between these species would represent the minimal set of genes required to construct a vertebrate organism (8) . The sequencing and analyses of the fugu genome further supported this notion and human-fugu comparisons resulted in the immediate discovery of several novel human genes (9) . The utility of this genome for also identifying functional non-coding sequences was first hinted before the full sequence of any vertebrate genome became available. In 1994 the mouse Hoxb-1 enhancer regulating expression in the neuroectoderm and mesoderm was identified in fugu and its sequence was shown to appropriately drive the expression of a reporter gene in an in vivo mouse transgenic assay (10) . Ever since this pioneering study, a host of reports have supported the notion that human -fish comparisons efficiently identify functional non-coding sequences in the human genome (11 -15) . On the basis of these reports and others, a conventional threshold was informally created for the identification of these human-fish non-coding elements, requiring 70% identity over a minimum size of 100 bp.
An important observation emerging from these studies was that a significant portion of these human -fish conserved non-coding sequences are located in the vicinity of genes involved in early embryonic development, whose products frequently are DNA-binding proteins, suggesting their roles as transcription factors (16) . Many of these transcription factors, thought to be regulated by these non-coding human -fish elements, are involved in various morphogenic processes during embryonic development that are, by and large, shared by most vertebrates. The molecular mechanisms underlying these similarities in morphogenesis have been gradually uncovered, and appear to be predicated precisely on the regionalized and/or dynamic expression throughout embryogenesis of these transcription factors, in whose chromosomal neighborhoods many human -fish conserved non-coding sequences reside. Thus, the observation that both the genes encoding the transcription factors and the genetic switches controlling their expression appear to have been conserved throughout hundreds of millions of years of evolution supports the notion that this set of sequences, literally 'fossil DNA' embedded in our genomes, constitutes the 'core genome' elements of vertebrates.
STRINGENT EVOLUTIONARY SEQUENCE CONSERVATION AS A FILTER
An alternative approach to identify conserved non-coding elements with a high probability of being functional is using high stringency of sequence conservation among mammals as a filter (7) . Using a screen for sequences in the human genome that are at least 200 bp long and 100% identical in human, mouse and rat, Bejerano et al. (7) identified 481 such elements, termed ultraconserved sequences. Among these, 256 show no evidence of transcription and thus were dubbed 'non-exonic'. These non-exonic ultraconserved elements are frequently found in clusters near developmental genes encoding transcription factors. Two-thirds of these ultraconserved elements are conserved between human and fugu. This overlap between the mammalian ultraconserved and human-fish conserved elements suggests that they most likely represent a similar category of non-coding DNA. Although the catalog of ultraconserved elements is considerably smaller than that of conserved human -fugu non-coding elements, as exemplified in chromosome 5 ( Fig. 1) , one can increase their number by changing the stringency of the filter. For example, relaxing the stringency criteria of sequence identity to 100 bp and 100% identity captures more than 5000 highly conserved sequences, many of which are also conserved between human and fugu. An interesting finding revealed in this study (7) is that the ultraconserved sequences have a 20-fold decrease in the frequency of single nucleotide polymorphisms (SNPs). While one cannot exclude the possibility that an unknown biological phenomenon might account for the hypomutability of these elements, the most probable explanation for this low SNP frequency is that it reflects an unusually strong purifying selection, where minor sequence variations within these elements result in selective disadvantage. This finding supports the hypothesis that these sequences represent a particular subset of regulatory elements, with unique architectural constraints. Alternatively, this extreme conservation could reflect the presence of multiple functional sequences embedded within each ultraconserved element.
CONSERVED CIS-REGULATORY ELEMENTS: A SUBSTRATE FOR MORPHOLOGICAL INNOVATION
The extreme degree of conservation of these non-coding sequences over hundreds of millions of years of evolution implies that tampering with them may result in significant phenotypic consequences. A well-documented example of morphological variation, suspected to have arisen by modifications of non-coding sequences shared by mammals and non-mammalian vertebrates is Hoxc8, a gene whose boundaries of expression in the developing embryo are thought to influence vertebrae number (17, 18) . The Hoxc8 early enhancer (EE) regulates expression of Hoxc8 in the posterior regions of the neural tube and mesoderm (18) . A detailed sequence analysis of this enhancer in 29 mammals found a 4 bp deletion segregating in the baleen whale lineage, a deletion that resulted in the failure of a reporter gene to be expressed in the posterior mesoderm in transgenic mice ( Fig. 2A) (17) . This deletion was suggested to underlie the variation in the number of thoracic vertebrae and alterations of axial structures and appendages in these whales as part of their adaptation to aquatic life (17) . Other studies report that sequence variations in this enhancer observed in fugu and zebrafish, including nucleotide substitutions, spacing alterations and inversions also lead to different expression patterns in the neural tube and somites in transgenic mice (Fig. 2B) (18) . The Hoxc8 EE was recently deleted in mice, also resulting in an axial skeletal phenotype (39), though different and milder than that resulting from the deletion of the Hoxc8 gene ( Fig. 2C and D) . This example highlights a key concept about the impact of sequence variation within cis-regulatory elements regulating developmentally important genes. While several mouse models that knockout transcription factors involved in morphogenesis exhibit either lethality or severe phenotypes, mutations in individual cis-regulatory elements of these genes may be tolerated and lead to milder phenotypes by affecting only a subset of the gene functions. Thus, sequence variation in regulatory elements can clearly serve as the raw material for morphological, physiological and behavioral modifications, but can they also lead to human disease?
MUTATIONS IN CONSERVED ELEMENTS AS A CAUSE FOR HUMAN DISEASE
In the past, genetic mapping of various diseases was largely facilitated by the cytogenetic characterization of chromosomal deletions and translocations in patients affected by those diseases. In several instances this characterization revealed that these chromosomal aberrations lie near the causative gene, but do not interrupt its coding region, and were termed position effects (Table 1) . For example, mutations in the coding region of the gene encoding for the developmental transcription factor SALL1 lead to autosomal dominant Townes -Brocks syndrome, while a thoroughly characterized translocation in one patient 180 kb telomeric to SALL1 also leads to a similar phenotype (30) . One likely explanation for these position effects is that non-coding cis-regulatory sequences have been removed from the vicinity of the gene/ s that they normally regulate. The observation that many diseases arise from the disruption in the linearity between cis-regulatory sequences and the genes that they regulate raises the possibility that sequence variation within cisregulatory sequences might also result in disease processes.
Nevertheless, proving that sequence changes in a non-coding element cause a particular phenotype is a more complex problem. An example illustrating how sequence variation in a human-fish conserved non-coding element might lead to disease phenotypes is the Sonic Hedgehog (SHH) limb enhancer (Fig. 3) . Early studies of chromosomal rearrangements in patients with holoprosencephaly led to the discovery that mutations in the coding region of SHH cause this disorder (40) . During limb development, SHH is expressed in the zone of polarizing activity (ZPA) and is required for the anterior-posterior patterning of the digits. A conserved human-fugu element that is thought to regulate SHH expression in the ZPA was recently characterized, 1 Mb away from the SHH gene (13, 41) . SNPs within this element were found to segregate exclusively in patients with preaxial polydactyly (PPD) (13) , suggesting that these sequence variations are likely, but not proven, to be causing PPD. Further characterization and understanding of the function of these highly conserved non-coding elements will hopefully enable to alter this circumstantial evidence to a more explicit verdict.
SUMMARY
Exploiting pair-wise sequence comparisons between evolutionarily distant species and stringent sequence identity filters have proven to be a powerful means to identify functional non-coding sequences with significant impact on the organism. Nevertheless, these strategies have their limitations. A very prominent one is the relatively small number of conserved sequences and genes thought to be regulated by these elements. One strategy that could be used to overcome this predicament is the use of species that are closer than fish for comparisons with humans, such as chicken and marsupials. Multiple-species sequence comparisons can be used as an alternative comparative genomic analysis to help address this limitation, although more evidence is still needed that this filter also represents a valid strategy for prioritizing mammalian sequences whose functions are testable using the current experimental settings.
It is likely that comparative analyses alone will not suffice to correctly predict all functional sequences in the genome. Other large scale technologies to identify regulatory elements such as chromatin immunoprecipitation (ChIP) (reviewed in (42) and genome-wide analysis of DNase hypersensitive sites (43) are beginning to fill that gap. Bioinformatics tools also add layers of information to be considered together with sequence conservation, such as transcription factor binding site identification and clustering as well as generating more refined alignments (44 -46) . Meanwhile, the extreme sequence conservation over long evolutionary periods of the non-coding elements discussed in this review makes them primary candidates for genetic screens seeking sequence variation associated with morphological innovation and disease. Nature has already given us an invaluable clue to the importance of these exquisitely conserved sequences by keeping them untouched for hundreds of millions of years. It is about time we pay attention to them.
